Abstract-This paper presents measurement results and analysis of the interference produced by the high-power electromagnetic field in a wireless energy transfer system. Through this analysis it is expected to be possible to evaluate the influence of the strong electromagnetic field on the data transmission channel. The wireless power transfer aimed at electric vehicles battery charging receives a great deal of attention in the recent years. However, the performance of those systems depends on the exchange of information between the transmitter and the receiver, e.g. vehicle identification, frequency, required power, payment information. Thus, it is essential to ensure that the electromagnetic interference, generated by the wireless power transfer system will not influence or disrupt the communication between the transmitter and the receiver.
I. INTRODUCTION
The Wireless Power Transfer with its abbreviation WPT, was introduced widely the early 1990s and today it is one of the most attractive new technologies for researchers and manufacturers [1] . The WPT technology is capable to find solutions for problems that are impossible to solve in a classical way and to be widely applied in the real world equipment. In the future, the WPT technology could be even a competitor to the wired high voltage transmission line [2, 3] .
In the area of low power, advances in the power transfer allowed the use of electronic devices, e.g. mobile phones, laptops, wireless headphones, implants or razors. In the same time, the high power equipment manufacturers are willing to get free from the wires too. The intelligent machining systems, robots, the forklift trucks, and electric/hybrid cars are starting to become wireless [1] . Recently, a great deal of attention has been focused on the wireless charging systems for electric vehicles (EV) [1] .
Among the existent WPT technologies one of the best results was obtained by Kurs et al. using magnetically coupled resonators [4] . The magnetic resonance technology is proven to be the most suitable to achieve efficient energy transfer for the EV wireless charging [4] [5] [6] . The resonant magnetic coupling system is more advantageous since it does not need an accurate parking position of the vehicle as in the case of inductive coupling [1] .
The communications play a key role in the wireless charging systems. The data transmission during WPT allows a transmitter unit to detect and identify receivers and optimize the energy transfer process by increasing or decreasing the transferred power [1] . Different methods have been used by several authors for the simultaneous transmission of power and data in the WPT systems, aimed at increasing their efficiency and reliability. The simultaneous power and data exchange needs a proper choice of the modulation strategy and some ideas are proposed in the inductive powering systems [7, 8] and in the resonant systems [9, 10] .
The wireless power and data transmission system with resonant coils tuned at one single working frequency is analyzed in [7] [8] [9] . The transmitted working frequency is modulated at the same time by the data transmission and the receiver may also modulate its rectifier switches in order to respond. In order not to be influenced by the energy transfer the data transmission can be treated by different technical methods, as amplitude shift keying (ASK), phase shift keying (PSK) [7] [8] [9] and frequency shift keying (FSK) modulation [11] .
The feasibility of the joined power and the data receiver implementation with the application of amplitude modulation with a single antenna is proposed in [7] . The system of wireless power and data transmission described in [9] operates at a frequency of 13.56 MHz and allows a simultaneous transmission of energy and data, while the data goes at a speed up to 1 Mb/s. The operation principle is the modulation of the carrier frequency by the information signal.
An example of a compact energy and data transmission device is shown in [12] . This is a three-coil construction where the inner coil is a receiver of energy and data, and the inductive transmitter has two coils: one is the "energy" coil and the other is the "external receiver" coil. That external receiver receives the signal from the modulations of the load (as mentioned above, the modulations of the consumption are sensed as a signal from the receiver to the transmitter).
The contactless power and data simultaneous transmission system that uses two pairs of coils: one pair for a power transfer and another one for the data transmission, is shown in [13, 14] . The adopted solution is based not only on separated coils for power and information transmission, but also on using a coil with special geometry for the data transmission. The special geometry of the data coils reduces the mutual coupling between the power and the data coils. By this, the 978-1-5090-2067-6/16/$31.00 ©2016 IEEE 2016 International Symposium on Power Electronics, Electrical Drives, Automation and Motion interference by the voltage induced electromagnetically by the WPT system can be reduced [14] .
Some proposed solutions, like shifting the switching frequency [15] [16] [17] between the data and the power transfer channel, seem difficult to implement because of the compulsory synchronization, especially in a very dynamic environment. Every one of the described systems has disadvantages. The data transmission rate and the transferred energy are limited. Furthermore, the construction of the resonant coil should ensure a sufficient isolation between the power and the data transmission systems, which is difficult to accomplish. These difficulties can be avoided if the data exchange is executed at much higher frequencies, particularly in the GHz order, keeping low frequency for the energy transfer [18] . The used high frequency allows for increasing the data rate and reducing the electromagnetic interferences, generated by power transfer system. The higher frequency of data transmission guaranties a higher bit rate and a better WPT harmonics filtering.
An example of a WPT system for charging the EV battery and for simultaneously transferring data is shown in [10] . To optimize the charging condition a bidirectional communication between the transmitter and the receiver, a communication block with two 2.4 GHz ZigBee units, is proposed.
This paper presents an application of wireless communications technologies in high power WPT, focusing on the electromagnetic compatibility (EMC) problems in simultaneous wireless energy and data transfer system. As far as it is known, a wide overview of the EMC problems of wireless power transfer simultaneously with the wireless data transmission has not yet been reported [19] . Thus, this paper is the contribution in the field of EMC issues of the wireless power e data transmission systems.
The rest of the paper is organized as followed: Section II presents the wireless data technology for the WPT system. Section III presents the wireless data transmission and the wireless data transmission modelling and the efficiency of the WPT system. Section IV presents the experimental part. Section V presents concluding remarks.
II. WIRELESS DATA TECHNOLOGY FOR WPT SYSTEM
A data transmission system by higher carrier frequency (on the order of GHz) allows increasing the data transmission rate. In the area of the information transmission systems, the technologies that are most convenient to be adopted for WPT are, for example: Bluetooth, Wi-Fi, ZigBee [1, 10, 20, 21] .
The research and development that chooses well known and well supported technology, allows for obtaining more reliable solutions. As a consequence, one important factor for the wireless data technology will be the high level of standardization and interoperability between devices from different manufacturers. According to [21] , in general, there are five potential wireless networks that are capable to be considered for intra-and inter-vehicles applications, namely Bluetooth, UWB, RFID, ZigBee and Wi-Fi. However, only the Bluetooth was really implemented in several vehicle models in the recent years and it is getting now widely used technology [21, 22] . The data technologies ZigBee, UWB and Wi-Fi have not yet been implemented in vehicles, and investigations in this field are still in development [21] . The ZigBee fills a gap provided by the other technologies, serving as a wireless sensor interconnection for the control purpose. It is expected that the ZigBee can be used in monitoring and control applications, related to temperature and moisture measurement, as well as heating, air conditioning and lighting control [22] . Having into account that well-known, developed and supported technologies already exist, it is easier to use the most widely spread technology in WPT systems. In this way of thinking the important factor for choosing the wireless data transmission technology is the high level of standardization and interoperability between devices from different manufacturers [22] .
Given these considerations and the fact that Bluetooth technology is the most widely used in the automotive industry [21, 22] , it is considered a good balance between the data rate, the efficiency, and the cost. According to these considerations, this technology (Bluetooth) was chosen as suitable for data transmission inside the WPT system. III. MODELLING Currently, in the Power Electronics Laboratory of the Faculty of Science and Technology (FCT) / University Nova of Lisbon, the wireless power transfer and the data transmission system are experimented. The construction is based on the magnetic resonant coupling.
The simultaneous wireless powering and data communication transmitter and receiver block diagram is shown in Fig. 1 . The transmitter consists of a driver, a power stage, a transmitting coil and a microcontroller. The receiver side includes a receiving coil, a rectifier, a microcontroller with current and temperature sensors respectively. The load is the EV battery or a digital load that substitutes the battery. For the coordination between the transmitter and the receiver and for the optimization of the WPT system operation, a new set of microcontrollers is in development.
The important part of the WPT system design is the choice of the resonant circuit topology. There are four possible topologies: series-series (SS), series-parallel (SP), parallel-series (PS) and parallel-parallel (PP) [1, 23, 24] . If a parallel compensation PP is used at either side, the capacitance value depends on the coupling coefficient, which varies a lot when the load is moving. Therefore, the SS compensation is preferred for the EV applications [24] and was chosen for the proposed WPT system.
The schematic representation of a WPT system is shown in Fig. 2 2 L and 2 C are correspondingly the secondary parasitic resistor, the inductance and the resonant capacitor, and L R is the load resistance.
Primary coil Secondary coil The equivalent circuit of the WPT system is shown in Fig. 3 . Fig. 3 . Equivalent circuit of the WPT system.
The two coils are connected together via a magnetic field, characterized by coupling coefficient 12 k , given by:
The Kirchhoff's voltage law for the primary is given by:
The Kirchhoff's voltage law for the secondary is given by:
The loop impedances for the two coils is given by: At the resonance, the reactive part of the impedance of the coils becomes zero. Therefore, at the resonant frequency the currents 1 I and 2 I can be simplified given by: R respectively, are the total transmitting and receiving circuit resistances, is given by:
The power of the input side in P and output power delivered to the load out P is given by:
The power transfer efficiency is given by:
In (13), the power transfer efficiency η is a function of the frequency and the circuit parameters. The efficiency decreases quickly when slides away from its resonant operation. A supposed high quality factor Q can increase the efficiency of the WPT system operating at resonance frequency.
For a series resonance the quality factor Q is given by:
IV. EXPERIMENTAL PART The Electromagnetic Interference (EMI) is important especially for the digital and analogue systems operating at 30 MHz to 300 MHz frequencies, where any circuit element becomes an antenna and can cause interference. The analysis was concentrated on the EM radiation caused by the converter operating at 20 kHz switching frequency, at which frequency the most powerful WPT systems normally operate. In principle, the EMI from a relatively low switching frequency, as this one, will not provoke problems. The Bluetooth technology operates at the frequency of 2.4 GHz which is expected to be enough far from the highest order harmonics of the power transfer frequency (20 kHz). In the same time there is a risk of interference caused by the transmitters as the power will be very high (many kW) and haphazard modulation on the power transfer frequency is possible, e.g. by the movement of the transmitting and receiving equipment (EVs).
In order to verify this hypothetical influence, some initial measurements and analysis were done.
The test equipment used to perform measurements was composed by an experimental WPT system and a specialized measurement equipment. The WPT system consists of an adapted high frequency power generator, originally produced at the enterprise APRONECS Ltd., Bulgaria. This generator was connected to a transmitting coil included in a resonant circuit, and the receiver has another coil in a rectifier resonant circuit. The rectifier is loaded by an electronic programmable load. The EMI measurement equipment consist of a measuring instrument Narda SRM-3000 (Selective Radiation Meter), a portable electromagnetic field strength meter PMM 8053A, and various antennas in 100 kHz ÷ 3 GHz frequency domain.
The first series of electromagnetic (electric) field intensity measurements in the WPT system, taken in the Power Electronics Laboratory of the Department of Electrical Engineering (DEE) of the Faculty of Science and Technologies (FCT) of the University NOVA of Lisbon, is shown in Fig. 4 . 4 shows some disturbance at the frequency 1.9 MHz which may be caused by the intensive operation of the nearby located smartphone. Because of this, and in order to prevent external electromagnetic interference, the second series of measurements was made inside a Faraday cage. The experimental setup of the WPT system and the measuring equipment in the Faraday cage are shown in Fig. 5 . The first measurement cycle of the second series was executed when the WPT system was switched off. The results of electric field intensity are shown in Fig. 6 . The harmonics generation from the WPT system, operating at 20 kHz frequency is shown in Fig. 7 . The used measurement equipment was capable to analyze frequencies starting from 100 kHz, so the amplitudes of the harmonics were measured starting from the 5th harmonic ((100 kHz).
To obtain the 1st harmonic and the 3rd harmonic amplitudes, the minimum squares method of approximation was used. By this calculation, the experimental data were equilibrated by a coefficient of determination The high value obtained for 2 R , indicates that the trendline quite precisely fits the data. The amplitudes of the harmonics including the 1st harmonic and the 3rd one, generated by the WPT system are shown in Fig. 8 . The practical values of the electric field E in function of the distance from the WPT system are shown in Fig. 9 . Fig. 9 demonstrates that the electric (electromagnetic, in general) field is much stronger close to the WPT system but it falls down rapidly with the distance from the windings. The aim of these measurements is to evaluate the electromagnetic field level generated by the WPT systems.
In order to estimate the electromagnetic interference impact on data wireless channel, it was necessary to evaluate the bit error rate (BER), the packet error rate (PER), or throughput of the communication system.
The most usual method to evaluate receiving quality of data wireless channel, including the effect of interference and disturbance in industrial wireless communication, is to check the PER. The PER is the percentage of the number of packets that failed to be received correctly to the number of whole packets transmitted. The PER is also one of the factors determining system throughput and latency [25] .
The Bluetooth communication performance was evaluated using the free software Iperf3 and Wireshark. Initially Bluetooth communication between two laptops placed in the operating area of WPT system. One of the laptops was used as a server and the other one was a client. The client created data streams and transferred them to the server via Bluetooth, applying the software Iperf3. The server created data streams and sent them back to the client using the software Iperf3.
A network protocol analyzer Wireshark was used installed on the server to capture frames and to determine the PER. It is capable to capture and analyze packets and to determine those ones that were lost by transmission errors [26] .
The Wireshark capture file is shown in Fig. 10 . The results confirmed that there were no packets with transmission errors, so it can be considered that the studied WPT system does not influence the data wireless channel operating at 2.4 GHz frequency in the case of Bluetooth applied as data channel [27, 28] .
V. CONCLUSIONS
In this paper a study was presented, related to the electromagnetic interference of Wireless Power Transfer system on the wireless data transfer channel. The wireless data transmission is important to improve the efficiency of the wireless power transfer. The consideration about choosing the wireless data technology was also presented. From the described technologies, the Bluetooth can be considered one of the solid candidates for the data transmission in Wireless Power Transfer systems. To prevent external electromagnetic interference, the measurements of the electromagnetic fields generated by Wireless Power Transfer system were taken in the Faraday cage. The intensity of the electromagnetic field, due to the Wireless Power Transfer, was strong. In order to estimate the possible impact of the electromagnetic interference on the wireless data transfer channel, the evaluation of the packet error rate was made. The results of the experiments confirmed that there is no significant impact from the Wireless Power Transfer system operating at 20 kHz frequency on the data transfer channel, operating at 2.4 GHz frequency. In the future, a higher level of transferred power will be experimented.
